Synaptic contacts are largely established during embryogenesis and are then maintained during growth. To identify molecules involved in this process, we conducted a forward genetic screen in C. elegans and identified cima-1. In cima-1 mutants, synaptic contacts are correctly established during embryogenesis, but ectopic synapses emerge during postdevelopmental growth. cima-1 encodes a solute carrier in the SLC17 family of transporters that includes sialin, a protein that when mutated in humans results in neurological disorders. cima-1 does not function in neurons but rather functions in the nearby epidermal cells to correctly position glia during postlarval growth. Our findings indicate that CIMA-1 antagonizes the FGF receptor (FGFR), and does so most likely by inhibiting FGFR's role in epidermal-glia adhesion rather than signaling. Our data suggest that epidermal-glia crosstalk, in this case mediated by a transporter and the FGF receptor, is vital to preserve embryonically derived circuit architecture during postdevelopmental growth.
INTRODUCTION
The nervous system is largely established during embryogenesis, but connectivity persists throughout the lifetime of the organism (Benard and Hobert, 2009 ). For example, in C. elegans, as in other metazoans, neural circuitry is laid out largely during embryogenesis (Sulston et al., 1983) . Thereafter the worm grows 100-fold in volume, yet axonal architecture and synaptic contacts are maintained (Benard and Hobert, 2009; Knight et al., 2002) . Genetic studies have identified molecules required for the maintenance of axon positions during growth and movement, including L1-CAM, F-spondin, and the FGF receptor among others (Aurelio et al., 2002; Benard and Hobert, 2009; Benard et al., 2012; Benard et al., 2006; Bü low et al., 2004; Johnson and Kramer, 2012; Pocock et al., 2008; Sasakura et al., 2005; Woo et al., 2008) . This work indicates two important features regarding the maintenance of nervous system architecture during development. First, the molecules required for maintenance of axon position are distinct from those required for circuit formation. Second, these studies underscore the importance of regulated adhesion in maintenance of axon position.
Circuit architecture also requires the maintenance of synaptic contacts. Synaptic maintenance studies have largely focused on the stability of synapses (Lin and Koleske, 2010; Shi et al., 2012; Wilcox et al., 2011) . From these studies we know that neuron-glia interactions can play key roles in the maintenance of synaptic stability (Pfrieger, 2010) . Less is known about how synaptic distribution is maintained during postdevelopmental growth. Synaptic distribution, which is critical for maintenance of the embryonically derived circuit architecture, requires both maintenance of correct synaptic contact and prevention of formation of inappropriate contacts.
We perform a screen in C. elegans and identify cima-1. In cima-1 mutants, inappropriate contacts between glia and axons promote the formation of ectopic synapses. Glia inappropriately contact axons in these mutants, likely due to increased adhesion with epidermal cells during growth. CIMA-1 is a SLC17 family solute transporter that modulates epidermal-glia interaction via FGFR. We reveal a potential mechanism for the role of SLC17 transporters in maintenance of synaptic distribution. Furthermore, we suggest that reducing adhesion during growth is as important as promoting adhesion to maintain correct synaptic connectivity.
RESULTS

AIY Synapses Form during Embryogenesis and Are Maintained during Growth
The AIY interneurons are a pair of bilaterally symmetric neurons in the nematode nerve ring ( Figure 1A ). Although these neurons contact many potential synaptic partners, they display remarkable specificity for both synaptic partner and position (White et al., 1986) . In adult animals, the observed pattern of synaptic outputs in AIY is reproducible across animals (Coló n- Ramos et al., 2007) . To determine when AIY synaptic outputs are established, we examined the AIY presynaptic pattern in C. elegans larval stages using GFP::RAB-3 (Nonet et al., 1997) . We observed that the presynaptic pattern was already established by the time the animals hatched at larval stage 1 (L1) (Figures 1A, 1B, 1C and Coló n-Ramos et al., 2007) . We also observed that although the length of the neurite and synaptic zones increase as the animal grows, the relative distribution of presynaptic sites is maintained ( Figures 1B, 1C , 1J, and 1K). Our findings indicate that the presynaptic pattern in the AIY interneuron is established during embryogenesis and is maintained as the animal grows.
cima-1 Inhibits Ectopic Synapses during Growth
To identify the mechanisms underlying the maintenance of synaptic distribution during growth, we performed a visual forward genetic screen and isolated cima-1(wy84) (for circuit maintenance). GFP::RAB-3 distribution was indistinguishable between cima-1(wy84) and wild-type animals at larval L1 stage (Figures 1B, 1F, 1J, and 1K) . cima-1(wy84) adult animals, however, displayed a highly penetrant ectopic GFP::RAB-3 localization in the normally asynaptic zone 1 of AIY ( Figure 1G , >90% of animals, n > 200 animals). Quantification of the cima-1(wy84) phenotype in adult animals revealed that although the length of zone 3 remained similar between mutants and wild-type adult animals, the ventral presynaptic region (zone 2, and ectopic presynaptic structures in zone 1) was twice as long in cima-1(wy84) mutants ( Figures 1G and 1J ). The synaptic defect in cima-1(wy84) was confirmed using synaptic vesicle proteins SNB-1 and SNG-1, as well as active zone protein SYD-1 ( Figures 1D,  1E , 1H, and 1I and data not shown). Fluorescence electron microscopy (fEM) also demonstrated the presence of ectopic presynaptic sites in cima-1(wy84) animals (Figure S1 available online) (Watanabe and Jorgensen, 2012; Watanabe et al., 2011) . Together, our data indicate that cima-1(wy84) is not required for establishing presynaptic distribution but is required for maintaining it.
Ectopic Presynaptic Sites in cima-1 Mutants Are Not onto Postsynaptic Partner RIA The synapses in zone 2 of wild-type animals are formed primarily onto postsynaptic partner RIA ( Figure 2A and White et al., 1986) . To determine whether the ectopic synapses are targeted to RIA, There are three distinct anatomical regions along the AIY neurite: a segment proximal to AIY cell body that is devoid of synapses (zone 1, dashed box), a dense presynaptic region at the dorsal turn of the AIY neurite (zone 2), and a region with discrete presynaptic clusters at the distal part of the neurite (zone 3) (Coló n- Ramos et al., 2007; White et al., 1986 (F-I) cima-1(wy84) mutant animals fail to maintain the AIY presynaptic pattern in adults. cima-1(wy84) mutant L1 animals display a wild-type presynaptic pattern as visualized with GFP::RAB-3 (F). Adult animals display an abnormal presynaptic pattern as visualized with presynaptic proteins GFP::RAB-3 (G), SNG-1::YFP (H), and GFP::SYD-1 (I). The ectopic presynaptic structure was confirmed with fluorescence electron microscopy (fEM) ( Figure S1 ). In all images, dashed box corresponds to normally asynaptic zone 1, and scale bars are 10mm (scale bar in [B] (J and K) Quantification of the AIY presynaptic pattern. Note that the length of ventral portion of the presynaptic region (presynaptic region in zone 1 and zone 2) is similar in cima-1(wy84) and wild-type animals at L1 stage but becomes longer at L4 or adult stages (J). The ratio of the presynaptic length (the length of ventral presynaptic region divided by total presynaptic region as shown in [K] ) is a metric that reflects the general pattern of AIY, and persists in wild-type animals during growth (black bars). Note that in cima-1(wy84) mutant animals this ratio becomes abnormally larger, particularly in postdevelopmental growth after the L4 stage (red bars). n R 34 for each group. Error bars are SEM, *p < 0.05, **p < 0.01, ***p < 0.001 by t test comparison. See also Figure S1 .
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we simultaneously imaged RIA and the presynaptic sites in AIY. We observed that in wild-type and cima-1(wy84) juvenile animals, RIA projects to zone 2 correctly ( Figures 2B and 2F ). However, we noted two differences in the adult mutants. First, in adult cima-1(wy84) animals, the RIA neurite is extended posteriorly ( Figure 2G ). Second, we also observed ectopic presynaptic sites in zone 1 that extend beyond the area of contact between AIY and RIA (compare Figures 2C with 2G and 2D with 2H) .
To further examine the relationship between AIY:RIA contact and the ectopic presynaptic sites in zone 1, we performed GFP reconstitution across synaptic partners (GRASP) (Feinberg et al., 2008) . GRASP is based on two GFP fragments (''GFP 1-10'' and ''GFP 11'') that can reconstitute a functional GFP molecule only when they are in close proximity. A version of GRASP based on the transmembrane protein CD4 allows assessment of cell-cell contact sites (Feinberg et al., 2008) . We expressed this version of GRASP in AIY (CD4::GFP 11) and RIA (CD4::GFP 1-10) to specifically visualize AIY:RIA contact and simultaneously labeled AIY presynaptic sites with mcherry::RAB-3. We observed that ectopic presynaptic sites were present beyond the AIY:RIA contact region (Figures 2E and 2I) . Our studies indicate that the abnormal distribution of presynaptic structures in cima-1(wy84) adults results from two events: a posterior displacement of synapses between AIY and RIA in zone 2 and the emergence of ectopic presynaptic sites, which are not apposed to postsynaptic cell RIA, in zone 1.
cima-1 Encodes a Membrane Transporter in the SLC17 Family Our SNP mapping, genetic rescue and Sanger sequencing data suggest that the cima-1(wy84) allele corresponds to a G to A mutation in the unnamed gene F45E4.11, and that this mutation is predicted to alter a conserved glycine at residue 388 to glutamate (Figures 3A, 3B, and 3F) . A second allele of F45E4.11(gk902665), with a nonsense mutation at R476, phenocopies the cima-1(wy84) AIY defect ( Figure 3C ). We also observed a similar AIY presynaptic maintenance defect when knocking down F45E4.11 by RNAi (Figures 3E and similar to sialin, a lysosomal transporter associated with neurodegenerative disease (Reimer, 2013; Sreedharan et al., 2010; Verheijen et al., 1999) (Figures 3F and S2) .
cima-1 Acts in Epidermal Cells
To understand the mechanism by which cima-1 suppresses ectopic presynapses, we first examined its endogenous expression pattern. We generated a transcriptional GFP reporter and found cima-1 expression starts during embryogenesis and persists in adult animals . In adults, cima-1 is primarily expressed in epidermal cells. Expression was also observed in intestinal cells, but not in neurons (including AIY) or in glia ( Figures S3E-S3H ).
Consistent with the expression pattern, we observed that expression of CIMA-1 cell specifically in epidermal cells results in robust rescue of the AIY phenotype ( Figure 4E and S3I). Conversely, expression of CIMA-1 cell specifically in the AIY interneurons (ttx-3 promoter), in all neurons (rab-3 promoter), or in neurons and intestine (aex-3 promoter) did not rescue (Figure 4E and S3I) . These data suggest that cima-1 acts in epidermal cells to maintain the AIY presynaptic pattern.
We note that although cima-1 is required in epidermal cells, cima-1(wy84) mutant animals do not exhibit obvious defects in body morphology, epidermal cell morphology, cellular fusion events, epidermal development, or general neuroarchitecture in larvae or young adults ( Figure S4 and data not shown). Figure 3. cima-1(wy84) Is an Allele of F45E4.11, which Encodes a Conserved SLC17 Family Transporter (A) SNP mapping indicates that the genetic lesion corresponding to the cima-1(wy84) allele is between 7.40 Mb and 7.83 Mb on chromosome IV. Two overlapping fosmids in this region (WRM0612bA03 and WRM0615cC03) rescue the cima-1(wy84) AIY presynaptic defect. Those two fosmids overlap in a genomic area that includes just two genes: F45E4.11 and C08G9.1. Only F45E4.11 was able to rescue the AIY defect. Sequencing data indicate a missense mutation in the coding region that alters conserved G388 to E. (B) Quantification of the percentage of animals displaying the AIY presynaptic patterning defect in cima-1(wy84) mutants transformed with fosmid WRM0612bA03 (which includes gene F45E4.11) or with just gene F45E4.11. n R 86 for each category. Error bars are SEM, ***p < 0.001 by t test. (C) A different F45E4.11 allele, gk902655, contains a nonsense mutation in the coding region (R476 to opal stop codon) and phenocopies the wy84 allele.
(D and E) Knockdown of F45E4.11 by RNAi phenocopies the cima-1(wy84) presynaptic phenotype in AIY. Animals fed with bacteria transfected with control vector L4440 show normal AIY presynaptic distribution (D), whereas animals fed with bacteria expressing F45E4.11 dsRNA phenocopy the cima-1(wy84) AIY presynaptic phenotype (E). Scale bar, 10mm (C-E). In (C-E), zone 1 region is highlighted with a dashed box. (F) A schematic diagram of the predicted cima-1 topology. The mutated G388 (asterisk) in cima-1(wy84) is located in ninth transmembrane domain. CIMA-1 is a member of SLC17 transporter family (See also Figure S2 ).
Next, we wanted to determine the temporal requirement of cima-1. As AIY presynaptic defects are only observed in adults, we hypothesized that expression of cima-1 after larval development would be sufficient to rescue the AIY presynaptic defect. To test this, we expressed cima-1 using a col-19 promoter that expresses just in epidermal cells and after larval development is the schematic drawing of (C), with muscle quadrants (''M''), epidermal cells (green) and pharynx (P) labeled.
(E) Quantification of tissue-specific rescue. Expression of cima-1 cDNA in AIY (ttx-3 promoter) or pan-neuronally (rab-3 promoter) does not rescue the AIY presynaptic defect in cima-1(wy84) mutant animals. However, expression of cima-1 cDNA in epidermal cells (dpy-4 promoter) robustly rescues the AIY presynaptic defect (see also rescue with epidermal promoters rol-6, dpy-7 and col-19 in Figure S3I ). n R 50 for each group. Error bars are SEM, n.s.: not significant, ***p < 0.001 by t test. Scale bars, 10 mm. (White et al., 1986) . VCSC glia (pseudocolored red in the micrograph) lie between the epidermal cells (purple) and AIY at zone 2 synapses (green, note vesicles and dense projections in the two AIY-neurite cross sections). The dashed box in the schematic of the worm head represents the region where images (and schematic illustrations) in ([B) -(Q) were obtained. The electron micrograph is from animals ''JSH'' and (legend continued on next page) (Cox and Hirsh, 1985; Liu and Ambros, 1991) . We observed significant rescue of the AIY presynaptic defect, consistent with cima-1 playing a postdevelopmental role in epidermal cells to maintain synaptic distribution ( Figure S3I ). Figure S5E ). This suppression is likely due to the shorter size of the animal, as a number of Dpy alleles with different genetic identities gave us the same result (dpy-7(e88), dpy-9(e12), and dpy-6(e14)) ( Figure S5H and data not shown).Together, our findings support a role for cima-1 in maintaining presynaptic distribution during postdevelopmental growth.
cima-1 Is Required for Maintenance of Glial Morphology during Growth
The ventral cephalic sheath cells (VCSC) are nonneuronal cells (glia) similar to vertebrate astrocytes and are sandwiched between the cima-1-expressing hyp7 epidermal cell and the AIY interneurons ( Figure 5A and Shaham, 2006; White et al., 1986) . To visualize these glial cells, we expressed cytoplasmic mCherry using the glia-specific hlh-17 promoter (McMiller and Johnson, 2005) . In wild-type animals, VCSC glia are in close proximity to AIY zone 2 but are never observed near the asynaptic zone 1 ( Figures  5B-5E ). In larval stages, cima-1(wy84) VCSC morphology is indistinguishable from that of wild-type animals ( Figures 5F-5I ). However, in adult stages, the glial processes (endfeet) were abnormally distended posteriorly onto zone 1 of AIY ( Figures  5J-5M ). Cell-specific expression of cima-1 in epidermal cells was sufficient to rescue the glial morphology ( Figures 5N-5Q) . Thus, cima-1 is required in epidermal cells for maintenance of glial morphology during postlarval growth. Does position of the glial endfeet correlate with the emergence of ectopic synaptic sites? To address this question, we conducted longitudinal studies and observed a tight temporal and spatial correlation between the position of the glial endfeet and the position of AIY presynaptic sites ( Figure S6 ). Our findings indicate that cima-1 acts in epidermal cells to maintain VCSC glial morphology during postlarval growth and reveal a correlation between the defective maintenance of glial morphology and the emergence of ectopic presynaptic sites in AIY.
Glial Cell Ablation Suppresses Ectopic Synaptic Sites in cima-1 Mutants Our findings are consistent with a model in which distended glial endfeet in cima-1(wy84) mutants result in ectopic contact between glia and AIY, which in turn induces the formation of ectopic synaptic sites. To examine this hypothesis, we performed GFP reconstitution across synaptic partners (GRASP) between glia and AIY (Feinberg et al., 2008) . We expressed CD4::GFP 11 in AIY and CD4::GFP 1-10 in glia to examine sites of AIY:glia contact. Consistent with published EM data (Figures S1A-S1B and White et al., 1986) , we observed that in wildtype animals the GRASP signal was restricted to zone 2 and colocalized with the synaptic marker mCherry::RAB-3 ( Figures  6A-6C) . cima-1(wy84) mutant animals displayed an ectopic GRASP signal in zone 1 that colocalized with the ectopic mCherry::RAB-3 ( Figures 6D-6F ). Our findings suggest that ectopic AIY:glia contact in cima-1(wy84) mutant animals results in ectopic presynaptic specializations ( Figures 6E and 6F) .
To test whether glia:AIY contact is required for ectopic synapse formation, we ablated VCSC in two ways. First, we genetically ablated the glia by expressing caspases in these cells (Chelur and Chalfie, 2007) . The cell death was confirmed by the absence of VCSC GFP. We observed that cell-specific ablation of the glia in cima-1(wy84) mutants significantly suppressed ectopic presynaptic sites in zone 1 (Figures 6H and 6I) . Second, we examined the AIY presynaptic pattern in cima-1(wy84) mls-2(ns156) double mutants. mls-2 is a transcription factor required for VCSC development, and in mls-2(ns156) mutant animals the glia do not properly develop (Yoshimura et al., 2008) . Consistent with caspase ablation results, we also observed that ectopic presynaptic sites in zone 1 are suppressed in cima-1(wy84) mls-2(ns156) double mutant animals (Figures 6I). It should be noted, however, that loss of the glia in these experiments did not fully suppress the cima-1 phenotype. Incomplete suppression could result from two possibilities: (1) caspase and genetic ablations do not completely eliminate the glia, or (2) other tissues besides VCSC glia also influence the persistence of ectopic presynaptic sites in AIY.
''N2U'' shown with permission, each was prepared by J. White, E. Southgate, N. Thomson, and S. Brenner at the LMB/MRC labs in Cambridge, England (White et al., 1986) . With help from John White, the JSH and N2U image archives are now conserved in the Hall lab in NYC, and available online at http://www.wormimage. org. Schematic illustration is a modification with permission from the Neuron pages of WormAtlas (http://www. Together, these data suggest that epidermally expressed cima-1 regulates glial morphology during postlarval growth and that maintenance of correct glial morphology during growth is required for preventing the emergence of ectopic presynaptic sites in AIY.
Ectopic Synapses Do Not Require Embryonic Specification Genes
During embryogenesis, AIY synapse formation requires UNC-6/ Netrin, which is transiently expressed by VCSC glia (Coló n- Ramos et al., 2007; Wadsworth et al., 1996) . UNC-6 instructs presynaptic assembly by signaling through its receptor UNC-40/DCC, expressed in AIY. We used the Netrin receptor, UNC-40, to test whether Netrin signaling is required for the cima-1 mutant phenotype. To achieve this, we generated cima-1(wy84) unc-40(e271) double mutants and visualized the AIY presynaptic pattern. In juvenile worms, we observed a general reduction of presynaptic vesicle clusters in cima-1(wy84) unc-40(e271) compared to wild-type animals, as expected ( unc-40(e271) animals still displayed ectopic presynaptic sites in zone 1 similar to cima-1(wy84) single mutants ( Figures S7A-S7G ). These findings suggest that VCSC glia use different molecular mechanisms for presynaptic assembly during embryonic development and for the maintenance of presynaptic distribution during postdevelopmental growth.
EGL-15(5A)/FGFR Is Required for Ectopic Synapse Formation
To understand the molecular mechanisms by which cima-1 affects AIY presynaptic maintenance during postlarval growth, we conducted candidate suppressor screens using RNAi and available mutants. These genetic approaches revealed that mutations of egl-15, the only FGFR in C. elegans, suppress the cima-1 AIY presynaptic defect ( Figures 7A, 7B , and 7C, and S7I; n > 300 animals). egl-15/FGFR is required during C. elegans development for sex myoblast migration, axon outgrowth, and fluid homeostasis, and null alleles of egl-15 are larval lethal (Bü low et al., 2004; Goodman et al., 2003) . Splicing isoform egl-15(5A), but not isoform egl-15(5B), is also required postembryonically to maintain axon position during growth and movement (Bü low et al., 2004) . We observed that egl-15(n484), a nonsense allele specific to the egl-15(5A) isoform, suppressed cima-1(wy84) ectopic presynaptic sites ( Figures 7A, 7B, and S7I) . Similarly, , an egl-15(5A) splicing acceptor mutation (Goodman et al., 2003) , also suppressed cima-1(wy84) AIY ectopic synapses ( Figures 7C and S7I ). These data demonstrate that the formation of ectopic presynaptic sites in cima-1 mutants requires egl-15(5A).
We next examined VCSC glial morphology in cima-1(wy84) egl-15(n484) double mutants. We observed that egl-15(n484) also suppresses the abnormal glial morphology observed in cima-1(wy84) mutants ( Figures 7D and 7E ). Consistent with this observation, glia ablation did not enhance suppression of the cima-1(wy84) egl-15(n484) double mutants ( Figure S7I ). Our data suggest that egl-15(n484) suppresses the AIY presynaptic defect by suppressing abnormal VCSC glial morphology in cima-1(wy84) mutants.
EGL-15(5A)/FGFR Acts in the Epidermis Independent of Kinase Activity
Expression of egl-15(5A) cDNA using a pan-neuronal promoter did not restore ectopic presynapses to egl-15(n484) cima-1(wy84) double mutants. However, expression of egl-15(5A) in epidermal cells restored ectopic presynapses to egl-15(n484) cima-1(wy84) double mutants ( Figures 7F and S7I) , suggesting that FGFR isoform 5A, like cima-1, acts in the epidermal cells.
EGL-15 is a receptor tyrosine kinase activated by FGF ligands, which activates downstream Ras pathways (Borland et al., 2001; Sundaram, 2006) ; kinase activity is required by EGL-15(5B) to regulate axon outgrowth and fluid homeostasis (Bü low et al., 2004; Goodman et al., 2003; Huang and Stern, 2004) . However, EGL-15(5A) does not require the intracellular kinase domain to maintain axon positions (Bü low et al., 2004) . Similarly, we found that neither egl-17(ay6) nor let-756(s2613) suppress the presynaptic phenotype in cima-1(wy84) mutants (data not shown), suggesting that FGF ligands, egl-17 and let-756, are not required for ectopic presynapse formation in cima-1 mutants.
To further test whether the kinase domain of EGL-15(5A) is required for the formation of ectopic synapses, we expressed the previous described egl-15(5A) extracellular domain (''egl-15(5A)ecto''; Bü low et al., 2004) in the epidermal cells in egl-15(n484) cima-1(wy84) double mutant animals, and found that expression of the ectodomain reverted egl-15(n484) suppression of cima-1(wy84) ( Figure S7I ). Together, these findings indicate that egl-15(5A) is required in epidermal cells in a kinase-independent manner to distort glial morphology in cima-1 mutants.
CIMA-1 Negatively Regulates EGL-15(5A)/FGFR Protein Levels To determine how cima-1 acts in epidermal cells to maintain presynaptic positions, we first examined its subcellular localization. We observed that CIMA-1::RFP is largely colocalized with lysosomal marker GFP::CUP-5 ( Figures S3V-S3Y , Pearsons correlation = 0.53), suggesting that CIMA-1 localizes primarily to lysosomes. However, alleles that disrupt lysosomal function (such as glo-1(zu391), glo-4(ok623), rab-7(ok511) , and cup-5 (ar465)) did not phenocopy cima-1(wy84) (data not shown). Our findings suggest that the cima-1 phenotype does not result from general lysosomal dysfunction.
CIMA-1 localization is reminiscent of that seen for sialin, a vertebrate homolog of CIMA-1 that also localizes to lysosomes and vesicles and that in humans is associated with neurodegenerative disease (Verheijen et al., 1999) . Sialin regulates transmembrane and extracellular adhesion molecules (Galuska et al., 2010; Hildebrandt et al., 2009; Morin et al., 2004; Myall et al., 2007; Prolo et al., 2009; Verheijen et al., 1999) . Based on CIMA-1 localization, and its genetic interaction with EGL-15(5A), we hypothesized that CIMA-1 could be acting at the lysosome to regulate EGL-15(5A) in epidermal cells. To examine this hypothesis, we generated transgenic animals expressing C terminus HA-tagged EGL-15(5A) just in epidermal cells and probed protein levels by western blots in both cima-1(wy84) and wild-type animals. We consistently found that EGL-15(5A) levels are 5-fold higher in cima-1(wy84) animals than in wildtype animals ( Figures 7G and 7H , p = 0.007). This result suggests that cima-1 is required for the regulation of EGL-15(5A) protein levels in epidermal cells.
To further test whether the synaptic defect in cima-1 is due to the increase of EGL-15(5A) in epidermal cells, we generated transgenic lines overexpressing EGL-15(5A) in epidermal cells and observed that overexpression of EGL-15(5A) in wild-type animals resulted in abnormal glial morphology and ectopic presynaptic specializations in zone 1, similar to the phenotypes observed for cima-1(wy84) mutants (Figures 7I-7K ). Together, our findings support a model whereby the transporter cima-1 maintains glial morphology and presynaptic distribution by negatively regulating EGL-15(5A)/FGFR during growth. We hypothesize that reduction of EGL-15(5A) levels would result in reduced adhesion between glia and epidermal cells, which would be critical in maintaining glia location and, therefore, synapse location during postdevelopmental growth. (legend continued on next page)
DISCUSSION
In this study, we identify a cellular and molecular mechanism that maintains presynaptic distribution during C. elegans postdevelopmental growth. We uncovered the requirement of a SLC17 family transporter CIMA-1. CIMA-1 antagonizes a specific FGFR isoform, EGL-15(5A), in epidermal cells to modulate glial morphology, in turn modulating AIY synaptic distribution. CIMA-1 acts postdevelopmentally to regulate synaptic positions during growth. Between the L1 to L4 stage, animals undergo a 4-fold change in length. However, during these stages, cima-1 mutants resemble wild-type animals. We hypothesize that cima-1-independent mechanisms scale synaptic growth during development and that cima-1 is required to regulate synaptic positions during postdevelopmental growth. Two lines of evidence support this hypothesis. First, cima-1 expression after larval stages using the col-19 promoter rescues the presynaptic distribution phenotype in AIY. Second, in the cima-1 mutant background, Lon mutants display an enhanced presynaptic maintenance phenotype and Dpy mutants suppress the cima-1 phenotype. These findings demonstrate a relationship between animal size and the postdevelopmental expressivity of the cima-1 phenotype and indicate a role for cima-1 in maintenance of the synaptic pattern during postdevelopmental growth.
cima-1 negatively regulates an FGFR isoform, , to modulate glial morphology during growth. Four lines of evidence support this model. First, is also expressed, and required, in epidermal cells to modulate epidermal-glia interaction. Second, in the epidermal cells of cima-1 mutant animals, EGL-15(5A) protein levels are significantly increased. Third, loss of egl-15(5A) in cima-1 mutants mostly restores glial morphology and correct presynaptic patterning in AIY. Fourth, overexpression of egl-15(5A) in wildtype animals results in abnormally extended glia and in ectopic presynaptic sites in AIY. EGL-15(5A) was previously implicated in the maintenance of axon position in the ventral nerve cord (Bü low et al., 2004) . This function of EGL-15(5A) is also mediated by its ecto-domain, which was hypothesized to provide an adhesive substratum as a part of a larger adhesive complex (Benard and Hobert, 2009; Bü low et al., 2004) . Our findings now demonstrate that CIMA-1 can negatively regulate EGL-15(5A) to maintain glial morphology during growth.
CIMA-1 could act as a sugar transporter to regulate EGL-15(5A) protein levels. CIMA-1 is a member of the solute carrier SLC17 family that includes sialin. Although sialin is capable of transporting a variety of cargos depending on its biological context (Miyaji et al., 2010 (Miyaji et al., , 2011 Qin et al., 2012) , its role as a lysosomal transporter of acidic monosaccharides has been implicated in neurological diseases (Verheijen et al., 1999; Wreden et al., 2005) . Importantly, several studies suggest that sialin regulates intercellular adhesion via the modulation of glycoconjugate export from the lysosome (Galuska et al., 2010; Hildebrandt et al., 2009; Morin et al., 2004; Myall et al., 2007; Prolo et al., 2009) . CIMA-1 also localizes to the lysosome. Although we have not yet identified the specific cargo for CIMA-1, our phenotypic characterization uncovers an in vivo function for this transporter in maintaining presynaptic distribution by regulating specific isoform of the FGFR, EGL-15(5A). EGL-15 is N-glycosylated (Polanska et al., 2009) . We hypothesize that CIMA-1 could act like sialin in transporting acidic monosaccharides that could modify and regulate protein levels of EGL-15(5A). Although our findings are consistent with this hypothesis and demonstrate a genetic interaction between cima-1 and EGL-15(5A) in vivo, it is likely that cima-1 also regulates other molecules, as mutations of egl-15(5A) do not completely suppress the cima-1 phenotype.
The role of glia in synapse formation and function is wellestablished. In both vertebrates and invertebrates, glia-derived molecules promote synapse formation during development (Allen et al., 2012; Coló n-Ramos et al., 2007; Fuentes-Medel et al., 2012; Pfrieger, 2010; Stevens, 2008) . Glia are also required in vivo for maintenance of synaptic function in adult animals. For example, ablation of glia in adult Rana pipiens decreases presynaptic function at neuromuscular junctions (Reddy et al., 2003) . Although glia are known to play roles in maintenance of synaptic function, their role in maintenance of synaptic positions is less (D-E) Simultaneous visualization of presynaptic sites in AIY (green) and glia (red) in cima-1(wy84) (D) and cima-1(wy84) egl-15(n484) double mutant adult animals (E). Note that egl-15(n484) allele suppresses both the AIY presynaptic defect and the glia morphology defect in cima-1(wy84). (F) Expression of egl-15(5A) cDNA in the epidermal cells (using the dpy-7 promoter) reverts the suppression of the cima-1(wy84) AIY presynaptic phenotype by egl-15(n484). (G) EGL-15 crackle antibody (a gift from M Stern), detects endogenous EGL-15, the 141 kD band in wild-type (lane 1), but not in egl-15(n1477) mutants (lane 2), which produced the C terminus truncated EGL-15 (M Stern, personal communication). HA antibody specifically recognizes HA-tagged EGL-15(5A) expressed in epidermal cells (lane 4 and 5), but not in wild-type animals without the transgene (lane 3). For comparison in lanes 4 and 5, the same HA-tagged EGL-15(5A)-expressing transgenic line were used. Note that EGL-15(5A) protein levels are higher in cima-1(wy84) mutant animals (lane 5) as compared to wild-type animals (lane 4). Actin and coinjection marker Punc-122::GFP were used as loading control. (H) Quantification of the EGL-15(5A)::HA protein levels from four independent blots. Error bars are SEM, **p < 0.01 by Student's t test. (I-J) AIY presynaptic GFP::RAB-3 (I) is mislocalized to zone 1 region abnormally ensheathed by VCSC (J) upon overexpression of egl-15(5A) in epidermal cells by using the dpy-7 promoter (compare to Figure 5C ). (K) Quantification of the percentage of animals with the phenotype shown in (I). n R 150 for each group. Error bars represent 95% confidence interval. **p < 0.01 groups as determined by Fisher's exact test. (L) A model for cima-1 and egl-15(5A) in epidermal cells (purple) regulating VCSC glia (red) morphology and AIY presynaptic distribution (green). In wild-type animals, cima-1 negatively regulates egl-15(5A), thereby reducing epidermal-glia adhesion and preventing glia extension during growth. This interaction contributes to maintaining wild-type VCSC morphology, which in turn specifies correct synaptic distribution during growth (left cartoon). In animals with cima-1 loss-of-function, or animals in which egl-15(5A) is overexpressed, the interaction between the epidermal cells and VCSC is misregulated, resulting in VCSC glia distension posteriorly, ectopic contacts between glia and axons, and ectopic presynaptic sites. Schematic illustration is a modification with permission from the Neuron pages of WormAtlas (http://www.wormatlas.org) by Z.F. Altun and D.H. Hall. See also Figure S7 . clear. A recent study demonstrates that growth of glial processes is coordinated with neuromuscular junction growth in vivo (Brink et al., 2012) . We show a postdevelopmental role for glia in maintaining synaptic distribution and circuit architecture during growth.
The transduction of growth information from epithelial cell, to glia, to neuron may be common. The epidermal epithelium in C. elegans coordinates growth in the organism. For example, genes expressed in epidermal cells regulate molting, body morphogenesis and animal size (Chisholm and Hardin, 2005; Chisholm and Hsiao, 2012; Chisholm and Xu, 2012) . Our work shows that the interaction of epidermal cells with glia translates growth information to the neurons to limit synapse distribution. The epithelial-glia interaction we uncovered here is reminiscent of the neurovascular unit in vertebrates. Astrocytes play a fundamental role mediating communication between epithelial cells and neurons in the vasculature of the brain (Abbott et al., 2006; Banerjee and Bhat, 2007; Giaume et al., 2010; Kim et al., 2006; Tam and Watts, 2010; Wolburg et al., 2009) . For example, astrocytes indirectly control blood flow to neurons by coupling neuronal activity to the epithelial cells of the vasculature (Allan, 2006; Koehler et al., 2009) . Astrocytes also developmentally couple epithelial cells of the vasculature with neurons during embryogenesis (Tam and Watts, 2010) . It is not yet known if astrocytes translate growth information from epithelial cells in the vasculature to position synapses as the animal grows. However, given existing roles for astrocytes in coupling functional and developmental information between epithelial cells and neurons, we speculate that analogous, glia-dependent mechanisms like those in C. elegans could maintain synaptic position during animal growth in metazoans.
EXPERIMENTAL PROCEDURES
For further experimental details on strains (Table S1 ), culture conditions, and statistics, please see the Extended Experimental Information.
EMS Screen and RNAi cima-1(wy84) was isolated from a visual forward EMS mutagenesis screen aimed at identifying mutants with defects in GFP::RAB-3 distribution. cima-1 was mapped to an interval between 7.40 Mb and 7.83 Mb on chromosome IV. The 18 fosmids that cover this region were injected into cima-1(wy84) mutants and examined for rescue of AIY presynaptic defects. The F45E4.11 region in cima-1(wy84) was sequenced with Sanger sequencing technique. Bacteria-mediated RNAi was performed as described in (Kamath et al., 2001 ).
Constructs and Nematode Transformation
Expression clones were made in the pSM vector, a derivative of pPD49.26 (A. Fire) with extra cloning sites. Constructs are listed in Table S2 , and detailed cloning information will be provided upon request. Transgenic strains (1-30 ng/ml) were generated using standard techniques (Mello and Fire, 1995) and listed in Table S2 .
Microscopy and Imaging C. elegans animals (cima-1(wy84), Pttx-3::GFP) were prepared for fluorescence electron microscopy as previously described (Watanabe et al., 2011) . AIY neurons in two cima-1(wy84) animals were identified based on fluorescence. Fluorescence images and electron micrographs were correlated based on the fiducial markers. Epidermal and VCSC glial cells were identified based on their morphology. A total length of 6 mm of an AIY and a VCSC glial cell were reconstructed from serial electron micrographs as shown in Figure S1F . Reconstruction of AIY and glia in the wild-type animal used EM images (JSH and N2U) prepared by Dr. John White (White et al., 1986) , downloaded from http://www. wormimage.org and reconstructed with TrakEM2 EM. For confocal microscopy, images of fluorescently tagged fusion proteins were captured in live C. elegans using an UltraView VoX spinning disc confocal microscope (PerkinElmer) as described and analyzed using Volocity software (Improvision) or ImageJ (Schneider et al., 2012; Stavoe and Coló n-Ramos, 2012) .
Protein Blots
We quantified EGL-15::HA in wild-type and cima-1(wy84) mutant animals using olaEx1288 (Pdpy-7::egl-15(5A)::HA::MYC). 40-60 transgenic L4 animals were used for the blots. Reagents and detailed procedures are in the Extended Experimental Procedures section. This experiment was repeated four times with similar results. We also performed an identical experiment with a second, independent transgenic strain (olaEx1411) and three replicated western blots with similar results.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and two tables and can be found with this article online at http://dx.doi. org/10.1016/j.cell.2013.06.028.
